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In Brief
Oettl et al. found that oxytocin transforms sensory channels for optimized processing of cues through cortical topdown recruitment of interneurons. These novel oxytocin actions are required for social recognition and may be of relevance to sensory perception deficits in autism.
SUMMARY
Oxytocin promotes social interactions and recognition of conspecifics that rely on olfaction in most species. The circuit mechanisms through which oxytocin modifies olfactory processing are incompletely understood. Here, we observed that optogenetically induced oxytocin release enhanced olfactory exploration and same-sex recognition of adult rats. Consistent with oxytocin's function in the anterior olfactory cortex, particularly in social cue processing, region-selective receptor deletion impaired social recognition but left odor discrimination and recognition intact outside a social context. Oxytocin transiently increased the drive of the anterior olfactory cortex projecting to olfactory bulb interneurons. Cortical top-down recruitment of interneurons dynamically enhanced the inhibitory input to olfactory bulb projection neurons and increased the signal-to-noise of their output. In summary, oxytocin generates states for optimized information extraction in an early cortical top-down network that is required for social interactions with potential implications for sensory processing deficits in autism spectrum disorders.
INTRODUCTION
Efficient extraction of sensory information from conspecifics is critical to social recognition across perceptual boundaries throughout evolution, from olfaction in rodents and other animals to vision in humans (Brennan and Kendrick, 2006) . Social recognition has been classically studied in rodents and other mammals (Fleming et al., 1979; Sanchez-Andrade and Kendrick, 2009; Wiesner and Sheard, 1933) . Information on the identity of the conspecific comes from olfactory cues in urine or secretions from skin, reproductive tract, or specialized scent glands (Mykytowycz and Goodrich, 1974; Natynczuk and Macdonald, 1994; Stopka et al., 2007) . The recognition of social olfactory cues is dependent on an intact main olfactory system since lesions of the main olfactory bulb (MOB) or chemically induced anosmia impair individual recognition in rodents (Dantzer et al., 1990; Popik et al., 1991; Sanchez-Andrade and Kendrick, 2009 ).
Odor information from the olfactory sensory neurons is first processed in MOB projection neurons, i.e., mitral and tufted cells (M/TCs), which convey sensory inputs directly to the olfactory cortex. Odor coding in M/TCs is modulated by interneuron networks. The most abundant interneurons are granule cells (GCs). GCs receive massive cortical top-down inputs primarily from the anterior olfactory nucleus (AON), which is the most anterior portion of the olfactory cortex Brunjes et al., 2005; Cajal, 1911; de Olmos et al., 1978; Haberly and Price, 1978; Kerr and Hagbarth, 1955; Luskin and Price, 1983; Shipley and Adamek, 1984) . These topdown inputs are transiently active in a brain-state-dependent manner (Boyd et al., 2015; Otazu et al., 2015; Rothermel and Wachowiak, 2014) and increase GC firing, thereby modulating inhibition on M/TCs Boyd et al., 2012; Markopoulos et al., 2012) . It is not known whether and how top-down inputs control odor coding relevant to social interactions.
The oxytocin (OXT) system is a critical modulator to social perception and behaviors (Lee et al., 2009) . OXT release to the forebrain originates from neurons in the paraventricular nucleus (PVN) of the hypothalamus. The mechanisms have not been resolved through which OXT acts on olfactory circuits (Insel, 2010; Kendrick et al., 1992; Numan and Insel, 2003; Yu et al., 1996) . The rat MOB itself contains few OXT terminals and OXT receptors (OXTRs), with the least dense expression in the GC layer (Numan and Insel, 2003; Vaccari et al., 1998) . Interestingly, the AON is among the brain regions with highest OXTR expression (Freund-Mercier et al., 1987; Tribollet et al., 1988; Vaccari et al., 1998; Yoshimura et al., 1993) and receives dense innervation from OXT neurons of the PVN (Knobloch et al., 2012) .
The main olfactory system is used both for social and nonsocial information processing (Numan and Insel, 2003; SanchezAndrade and Kendrick, 2009) . We tested the hypothesis that OXT may set the main olfactory system into a specific state for processing of social odor cues. Context-dependent modulation of early olfactory activity is observed through different top-down mechanisms (Doucette et al., 2011; Kay and Laurent, 1999; Linster and Fontanini, 2014) . We speculated that OXT may generate context-dependent signal processing states in the MOB through transient activation of AON top-down projections to promote extraction of relevant information. Indeed, we found that OXT activated the AON and its top-down projections to GCs in the MOB to dynamically enhance the signal-to-noise ratio of odor responses in vivo. At a behavioral level, optogenetically evoked OXT release enhanced olfactory exploration of conspecifics and improved later social recognition, while the deletion of OXTRs in the AON impaired recognition.
RESULTS
Endogenous OXT Release Promotes Olfactory Exploration and Future Conspecific Recognition First, we tested the hypothesis that evoked endogenous OXT release modifies olfactory exploration behavior during samesex conspecific interaction and impacts future recognition of the conspecific. Toward this aim, we performed an olfactionand OXT-dependent social recognition task in female adult Wistar rats (Engelmann et al., 1998; Popik et al., 1991) . To evoke OXT release, a light-activatable opsin, Channelrhodopsin2 (ChR2), was expressed selectively under the control of an OXT promoter fragment in OXT neurons of the PVN following bilateral virus injection (rAAV 1/2 -OXT-ChR2:mCherry) (Knobloch et al., 2012) ( Figure 1A ). In rats, ChR2:mCherry expression was confined to PVN neurons immunoreactive to OXT (Figures 1B, S1A, and S1B, available online) with 98%-100% cell-type specificity, as reported in Knobloch et al. (2012) . Littermate rats served as controls and expressed only a green fluorescent protein (rAAV 1/2 -OXT-vGFP). The task consisted of a 5 min long initial sample phase with a same-sex juvenile conspecific ( Figure 1C ). During the sample phase, 30 Hz blue laser pulses (duration 20 s) were repeated every minute and applied to PVN through optic fibers both in adult ChR2 + and control rats ( Figure S1C ). Anogenital exploration is considered critical for olfactory sampling of conspecifics (Miczek and de Boer, 2005) . During the sample phase, single anogenital investigation events and their total duration were longer in ChR2 + animals than in control rats ( Figures 1D-1F ), while the two groups did not differ in the frequency of anogenital explorations or other forms of interaction ( Figures 1D  and S1D ). These observations suggested that OXT enhanced the intensity of olfactory exploration behaviors during social investigation.
Rats do not recognize the former interaction partner if the interval between sample and re-exposure phase exceeds 1 hr (Dantzer et al., 1987) . To test for enhancement of conspecific recognition through OXT, we increased the interval to the recognition phase to 2 hr. During the subsequent social recognition phase, adult rats were exposed to the previous juvenile interaction partner and a new juvenile for another 3 min without laser stimulation. During the social recognition period, rodents prefer the novel over the familiar partner and express increased exploratory behavior toward the unknown conspecific. After the 2 hr interval, control rats explored their interaction partners at chance level ( Figure 1G ). In contrast, ChR2 + rats explored the novel conspecific more than the previous interaction partner. The total exploration time did not differ between ChR2 + and control rats ( Figure S1D ). Also, evoked OXT release had no effect on object recognition ( Figure S1E ). Thus, evoked OXT release promotes a state of increased olfactory exploration and improved recognition. We therefore wondered how OXT Figure S1 ). (C) For the social recognition test, adult female rats were exposed for 5 min to a same-sex juvenile rat (sample phase). After return to the home cage, the adult rat was re-exposed to the previous and, at the same time, to a novel same-sex juvenile for 3 min (recognition phase).
(D-F) Total number of anogenital exploration events (D), total duration of anogenital exploration (E), and average duration of single anogenital exploration events (F) that 13 ChR2 + or 11 control GFP + adult rats performed on the juvenile during the 5 min sample phase (*p < 0.05, **p < 0.01, t test).
(G) Social recognition memory was expressed as the percentage of time the test animal spent exploring the novel social partner over the total time exploring both same-sex interaction partners for 13 ChR2 + or 11 control GFP + adult rats during the 3 min recognition phase (*p < 0.05, t test). All data reported as mean ± SEM.
may modify early olfactory coding states relevant to information processing.
OXT Activates GC Inhibition through Activation of TopDown Projections from AON OXTRs are highly expressed in the AON (Tribollet et al., 1988; Vaccari et al., 1998) . The AON provides dense glutamatergic top-down projections to the MOB and could thereby control early olfactory processing. Initially, we made whole-cell recordings in acute brain slices to determine the relative fraction of neuron types based on their firing pattern in the adult rat AON . We observed that the majority of neurons had pyramidal-shaped cell bodies and a regular, adapting firing response (Figures S2A and S2B) . A smaller fraction of cells showed a burst-or fast-firing pattern (Figures S2C and S2D) . In a total of 85 AON neurons, we determined how OXT affects the spontaneous rate of inhibitory and excitatory postsynaptic currents (sEPSCs and sIPSCs). The [Cl] in the pipet was set so that glutamatergic CNQX-sensitive sEPSCs were detected as inward currents and GABA A R-mediated gabazine-sensitive sIPSCs as outward currents at V h = À60 mV ( Figure S2H ). We then applied brief pulses of the selective OXTR peptide agonist [Thr4,Gly7]-oxytocin (TGOT; 1 mM) (Elands et al., 1988) locally onto AON neurons ( Figure 2B ). TGOT reversibly increased the sEPSC frequency in regular-firing AON neurons ( Figures 2C-2F ). In line with OXTR activation driving the AON, sEPSC rates also increased in AON fast-spiking neurons ( Figure 2G ). Moreover, some AON cells displayed an increase in the rate of sIPSCs (pre, 0.84 ± 0.61 Hz; TGOT, 4.21 ± 1.06 Hz; post, 0.88 ± 0.47 Hz; n = 7, ANOVA, p = 0.003). These increases in glutamatergic synaptic activity were still observed when GABA A Rs were blocked by gabazine (10 mM) ( Figure 2H ), indicating that the inhibition was not required for OXT to drive the AON network. The increases in synaptic drive could be repeatedly evoked by TGOT ( Figures 2E and S3A ) and independent of the rats' sex ( Figures  S3B and S3C ). We then tested whether optogenetically induced endogenous OXT release from axon terminals of ChR2 + PVN neurons would equally drive the AON network ( Figure 3) . Indeed, the same stimulation protocol used for behavioral experiments (5 ms pulses at 30 Hz for 2-20 s; Figure 3A ) evoked transient sEPSC rate increases in regular-firing cells ( Figures 3B, 3C , and S3D) that in some cells were paralleled closely by increases in sIPSC rates ( Figures 3D and 3E ). Both increases in sEPSC and sIPSC drive were reversibly blocked by the selective OXTR peptide antagonist OTA (1 mM; Figure 3C ). At least 2-fold increases in the synaptic drive both through OXTR agonist and evoked endogenous OXT release were observed in the majority of the recorded cells ( Figure S3F ) independent of their baseline sEPSC input rates (29 nonresponders, 0.37 ± 0.07 Hz versus 56 responders, 0.42 ± 0.05 Hz; t test, p = 0.29). To examine the extent of OXTR expression in AON neurons projecting to the MOB, we used a virus that infects neurons retrogradely (CAV2-Cre) (Beier et al., 2015) . CAV2-Cre virus was injected into the GC layer of the MOB of mice that express dTomato only upon Cre recombination ( Figure S4A ), presumably by regulating the activity of ionic membrane channels as described in other brain regions (Raggenbass, 2001 ). In line with this observation, application of the fast sodium channel blocker TTX (1 mM) blocked TGOTevoked EPSC rate increases in the AON ( Figures 4D and 4E ). Thus, these data support that OXT released to the AON increased excitability of regular-firing neurons and the global excitatory synaptic drive.
Assuming that increased AON excitation will propagate to the MOB through top-down projections, we tested whether local TGOT application to the AON would increase synaptic input to the MOB. In the MOB, AON projections preferentially target the perisomatic region of GCs. Indeed, the rate of sEPSC inputs increased in GCs when TGOT was applied to the AON, while inhibitory events did not change (Figures 5A-5C and S5A). GCs receive two types of EPSC inputs: perisomatic EPSC inputs with fast kinetics and EPSC with slow kinetics that preferentially arrive in the distal domain where GCs form contacts with M/TCs in the external plexiform layer Kelsch et al., 2008; Nissant et al., 2009; Schoppa, 2006) . Indeed, direct optogenetic excitation of ChR2 + AON neurons elicited fast evoked (e) EPSCs in GCs (Figures 5D and 5E) . In line with AON projections preferentially targeting GCs in the MOB, TGOT application resulted in a selective increase in sEPSCs with fast decay kinetics (Figures 5F-5H). The increase in fast sEPSCs onto GCs was blocked when the connection between the AON and MOB was lesioned and TGOT directly applied to the MOB (Figures 5I and 5J), compatible with OXT acting in the rat AON, but not the MOB. Finally, we recorded from mitral cells that are the main output of GCs ( Figures 5K-5M ). As expected, TGOT in the AON reversibly increased the sIPSC rate in mitral cells. However, cortical OXTR activation did not elicit a brief excitation of mitral cells with fast desensitization ( Figure S5B ) as can be observed with direct, global excitation of AON neurons (Boyd et al., 2012; Markopoulos et al., 2012) . In summary, OXT activates excitatory top-down projections from the AON to GCs that in turn increased inhibitory input to mitral cells ( Figure 5N ).
Modulation of Odor Coding through Top-Down OXT Action
We then tested how OXT modifies odor coding in M/TCs of the olfactory bulb through AON top-down control ( Figure 6A ). We performed in vivo recordings in anesthetized rats that allowed for local infusion of the OXTR agonist into the AON to study the consequences of local OXT actions rather than brain-wide optogenetic effects. OXT can modify the sniffing frequency (Wesson, 2013) . The sniffing frequency affects odor response in M/TCs (Carey and Wachowiak, 2011) . We took advantage of the fact that the sniff rate is clamped in anesthetized rats to isolate topdown effects of OXT on M/TCs through AON top-down projections ( Figures 6B, 6C , S6A, and S6B). Multiple odorants were presented in a randomly alternating fashion in the same session. M/TCs were recorded while monitoring the respiration cycle. Alignment of the odorant-evoked M/TC firing response to the sniff or breathing cycle yielded a defined on-and offset of the firing response to 0.5 s of odorant application ( Figures S6C-S6F ). We analyzed M/TCs that displayed increases in the firing rate to at least one odorant before application of the OXTR agonist TGOT ( Figure 6D ). M/TC units responded on average to two-thirds of the three odorants that had been applied randomly throughout the recording (Figures 7A-7G ). For the 20 detected cell-odor pairs, OXTR activation through TGOT in the AON reversibly increased the signal-to-noise ratio of the odor responses ( Figure 7C ), defined as the stimulus-evoked activity relative to the spontaneous activity (Hurley et al., 2004) . During the OXT effect, the baseline firing rate of M/TCs decreased (Figure 7D ) and the peak firing response to odorants increased (Figure 7E) . Also, at 10-fold lower odorant concentrations, TGOT robustly increased the peak odor response ( Figures S7A and  S7B ). TGOT did not significantly change the time of onset of the odor response relative to the sniff cycle or the duration of the odor response ( Figure S7C ).
To visualize the changes in signal-to-noise ratio for each cellodor pair, we calculated the modulation index (MODI), defined as (firing rate response À firing rate baseline )/(firing rate response + firing rate baseline ) (Otazu et al., 2009 ). TGOT increased the MODI broadly throughout the applied odorants ( Figures 7F and 7G ). Cells that did not respond to an odor before TGOT also did not increase their firing rate during odorant application through OXTR agonist application to the AON (D(TGOT À Pre) = À10.9 ± 8.5 Hz; p = 0.5, t test, n = 10).
To determine the relationship between the signal-to-noise ratio of M/TCs and OXTR recruitment in the AON, we varied the amount of applied OXTR agonist. In total, 3-fold lower TGOT concentrations still increased the signal-to-noise ratio ( Figures  7H-7J ). Yet the effects became globally weaker. Even though the ''low'' TGOT did not anymore significantly decrease the baseline firing activity ( Figure 7K ), it still had some effect on the peak odor response when all cell-odor pairs were pooled (Figure 7L ). Since MODI TGOT did not increase across all cell-odor pairs ( Figure 7M ), we speculated that the effect of low TGOT is not expressed in all cell-odor pairs to an equal extent. Initially weak responses (low MODI pre ) are expected to have a larger dynamic range to boost MODI TGOT . Indeed, MODI TGOT increased for odors with lowest respective MODI pre in each cell, but not for odors with the next higher MODI pre ( Figure 7N ). We then tested whether MODI pre also predicts peak odor response behavior following low TGOT. Indeed, the normalized peak odor response only increased significantly for odors with the lowest MODI pre (D = +30.7% ± 12.8%; p < 0.05), but not for corresponding odors with the next higher MODI pre (D = +14.8% ± 15.4%; n.s., t test) in the seven cells that responded to two odorants.
While recording in the deep layers of the MOB, we also found units that had properties of interneurons, presumably GCs with low baseline firing that was not modulated by the respiration cycle (Cang and Isaacson, 2003) . In these eight units, TGOT application to the AON transiently increased the firing rate (Figure S7D) as predicted for increased excitatory drive through top-down inputs. In summary, we observed that OXTR activation in the AON induced a transient state of increased signal-to-noise of evoked odor responses in MOB projection neurons through mechanisms that are compatible with increased GC inhibition through top-down inputs.
Requirement of OXTR Activation in the AON for Social Recognition
We finally tested whether specific deletion of OXTRs in the AON affects social recognition. These experiments were performed in mice as they allow for conditional gene deletion selective to the AON (OXTR DAON ). To generate OXTR DAON mice, rAAV 1/2 -CBACre was injected in the AON of mice in which the OXTR gene was flanked by loxP sites (Figures 8A and S8A ). Control mice received the same virus injection but had two wild-type OXTR alleles. The mice underwent the same-sex social recognition task. This task is established in single-housed male mice (Kogan et al., 2000) that can remember the other animal for an interval of 30 min between the sample and recognition phase. Consistent with the requirement of OXTRs in the AON for olfaction-dependent social interaction, we observed a deficit in recognition of conspecifics in OXTR DAON mice in comparison to control mice ( Figures 8B and 8C) . Importantly, OXTR DAON mice spent more time investigating conspecifics during the initial sample phase than control mice ( Figure 8B ) and displayed a similar trend in the recognition phase ( Figure S8B ), indicating that the memory deficit did not derive from reduced social interaction. However, OXTR DAON mice performed object and nonsocial odor recognition similarly to control mice ( Figures 8D and  S8C-S8E) . Also, OXTR DAON and control mice had comparable abilities to discriminate progressively more similar binary odor mixtures ( Figures 8E and 8F ), together supporting that OXTRs in the AON become relevant in situations when social cues have to be processed.
DISCUSSION
This study describes a novel circuit mechanism for OXT release to the olfactory cortex that modifies the state of early odor coding through dynamic top-down control. These top-down inputs increased the inhibitory tone to MOB projection neurons, thereby improving the signal-to-noise of odor responses. These findings demonstrate that OXT modifies olfactory coding already at early stations of bottom-up sensory information processing, and that OXT actions in an early sensory cortical top-down system are required for social recognition.
Top-Down Control in Olfaction
Pioneering descriptions (Davis et al., 1978; Wallenberg, 1928) speculated that top-down projections from AON to MOB ''may permit more central structures to coordinate olfactory processing with ongoing behavior and endocrine or nutritional requirements'' (Davis et al., 1978) . For instance, food odors evoked higher M/TC firing responses in hungry rats than satiated animals All data reported as mean ± SEM. (Pager et al., 1972) . Top-down projections have been implicated in state-dependent modulation of olfactory bulb activity (Kerr and Hagbarth, 1955; Pager et al., 1972; Soria-Gó mez et al., 2014; Wallenberg, 1928; Yamaguchi et al., 2013) . These and other studies had, however, not addressed how AON top-down inputs modify odor processing in this or other behaviors, including social interaction. We now observed that endogenous OXT release and OXTR agonists increased transiently the intrinsic excitability of AON regular-firing neurons and the excitatory synaptic drive in the AON network. GCs are the main target of AON axon terminals in the MOB, with deep parts of the GC layer receiving a higher density of top-down fibers (Laaris et al., 2007; Luskin and Price, 1983) . Indeed, AON excitation through OXT propagated through top-down projections to increase glutamatergic synaptic input to GCs. In vivo, we also found putative GC units that displayed transient increases in their firing rate following OXTR activation in the AON. Along with GCs innervating primarily M/TCs, OXT in the AON increased the inhibitory drive to M/TCs. Together, these findings reveal a novel pathway for OXT that increases the excitability of AON top-down projections that drive olfactory bulb interneurons for inhibition of M/TCs.
States of Enhanced Signal-to-Noise in Odor Coding
Efficient sensory neural codes in single neurons are predicted to be sparse (Barlow, 1961; Olshausen and Field, 2004; Willmore and Tolhurst, 2001) . Compatible with OXT promoting information extraction, OXTR activation in the AON in vivo enhanced the signal-to-noise ratio by lowering baseline firing of M/TCs and by increasing their peak odor responses. Actions of OXT on neural coding were recently also observed in hippocampal in vitro recordings (Owen et al., 2013) . In their study, OXT enhanced hippocampal spike transmission by modulating interneurons and improved the signal-to-noise ratio. It is therefore possible that modification of information transfer through induction of high signal-to-noise states is a shared feature of OXT in different systems. OXT release in the auditory cortex, amygdala, and hippocampus also works primarily through modulation of interneuron activity (Huber et al., 2005; Marlin et al., 2015; Owen et al., 2013) . In the MOB, several mechanisms can modify the signal-tonoise in odor coding through increased interneuron activity that is driven by cortical top-down inputs. OXTR recruitment in the AON increased the signal-to-noise of odor responses through increasing peak firing responses to odors and reduced background firing activity. During this state of increased signalto-noise, GCs also increased firing, compatible with glutamatergic AON projections mainly targeting GCs in the MOB.
Glutamatergic top-down inputs from the cortex can impact activity of M/TCs in different ways. Broad optogenetic excitation of AON neurons suppresses both baseline firing and odor responses (Markopoulos et al., 2012) , while stimulation of anterior piriform cortex top-down projections only suppresses odor responses, but not baseline firing, in M/TCs (Boyd et al., 2012) . Both studies found that beyond GCs, interneurons in the glomerular layer were also activated. In contrast to these two studies, direct optogenetic excitation of GCs lowers baseline firing while strengthening odor responses in M/TCs (Alonso et al., 2012) . Importantly, and different from broad optogenetic activation of olfactory cortices, OXT in the AON, which efficiently recruits GCs in the MOB, had similar effects as direct GC excitation. Compatible with different subcircuits existing in the early olfactory cortices, all subregions of the AON project primarily to the GC layer of the MOB (Brunjes et al., 2005) . Only some subregions also project to the external plexiform of the glomerular layer (Brunjes et al., 2005) . Periglomerular neurons mostly suppress odor responses, while external tufted cells are also suited to amplify odor responses of M/TCs (Boyd et al., 2012; Brunjes et al., 2005; De Saint Jan et al., 2009; Hayar et al., 2004; Markopoulos et al., 2012) . Together, these observations suggest that the actions of top-down projections can have different functions on M/TC firing depending on which subcircuits are activated in the early olfactory cortices as exemplified by the different actions of broad AON activation through direct optogenetic stimulation and modulation of AON activity through a physiologic agonist.
The GC-M/TC network has features that allow for increasing firing of stimulus-driven inputs while suppressing weak activity as occurs during baseline firing, depending on the strength of inhibition from GCs. M/TCs are neurons with burst-firing properties. Increases in inhibitory input within a certain range bring voltage-dependent conductances in a different state so that the regenerative conductances result in more intense burst Figure S6G ). All data reported as mean ± SEM. discharges in response to a given stimulus (Angelo et al., 2012; . When the effect became globally weaker, moderate OXTR recruitment in the AON still increased the signal-to-noise of odor responses. In this condition, the effect of inhibitory input on baseline firing of M/TCs became negligible. Biophysical properties of M/TCs derived from in vitro studies suggest that subtle increases of GC inhibition can boost stimulus-driven odor responses of M/TCs (Angelo et al., 2012; . Compatible with these M/TC properties, moderate OXTR recruitment in the AON still increased peak firing responses to odors. Compatible with the larger dynamic range of initially small odor responses, moderate recruitment of top-down projections through OXT preferentially amplified those weaker odor responses. Stronger GC recruitment continues to increase burst odor responses and then also significantly reduces baseline firing of M/TCs (Alonso MODI pre from top to bottom. Then cells were ranked according to their mean D(MODI TGOT À MODI pre ) from left to right. Right graph: in the eight cells that responded to more than one odor, D(MODI TGOT À MODI pre ) increased both for odors with the lowest and next higher MODI pre of each cell (one sample t test), and the increase was similar between the two groups (p = 0.3, t test). With all ten cells included for the respective lowest MODI pre , D(MODI TGOT À MODI pre ) = 0.24 ± 0.06 (p<0.001, one sample t test). (H and I) Average firing rate modulation by the low TGOT dose (1 mL of 0.5 mM) in nine M/TCs. Data were aligned to first inhalation after odor onset with bin sizes of 100 ms (H) or 10 ms (I). All data reported as mean ± SEM.
et al., 2012). Indeed, stronger OXTR activation in the AON reduced background firing and amplified peak odor responses of M/TCs. Finally, in line with increases in GC inhibition only boosting stimulus-driven burst responses, M/TCs that did not respond to an odor before OXTR activation in the AON also did not respond to that odor following recruitment of top-down projections.
The OXT-induced state is predicted to promote stimulus selection and information extraction and thereby facilitates memory formation. Barlow (1961) predicted two aspects that relate to the here observed OXT actions, i.e., sparsening in M/TC coding of sensory information and the existence of sensory relays that modulate the flow of information according to requirements of other parts of the brain. This second concept matches the topdown control of early sensory information flow with respect to the current state of the animal during brain-wide modulation through OXT. The main olfactory system is used both for social and nonsocial information processing. The prosocial peptide is released preferentially during interactions with conspecifics . OXT effects on olfactory processing are therefore predicted to primarily affect social cues under natural conditions. Indeed, OXTR deletion in the AON selectively affected olfaction-dependent sampling behavior and recognition of conspecifics, but not odor discrimination or recognition outside a social context. Together, these observations argue for a modulatory system that is specialized to come into action for sensory processing of social information.
Sensory Processing in Social Interaction and Recognition
Our findings support that one of the major functions of central OXT is to bring multiple levels of sensory-, motor-, and emotion-regulating systems into a state for social interaction. Exploration of conspecifics is promoted through more intense olfactory sampling of conspecifics found in this study and a low anxiety state induced by nonsensory systems (Lukas et al., 2011; Viviani et al., 2011) . At the level of sensory processing, OXT modifies the state of early olfactory presentation that may enhance salience of concurrently presented odors and help to detect relevant information of conspecifics during social encounters. Compatible with this idea, a possible reason for the longer conspecific exploration times in mice with OXTR deleted in the AON could be less efficient information extraction due to OXT's effects on the gain of odor representations. Through its cortical top-down projections into the early olfactory system, OXT modifies the global gain control of olfactory coding before MOB output spreads into divergent higher-order pathways including the posterior piriform cortices, the ventral striatum (olfactory tubercle), the amygdala, and the entorhinal cortices (Igarashi et al., 2012; Sosulski et al., 2011) . Many of these higher-order brain regions are activated during social interactions and also express OXTRs (Dö len et al., 2013; Kim et al., 2015; Vaccari et al., 1998) , allowing for further modifications of information through OXT during particular types of social behavior. It is likely that storage of recognition memory involves distributed circuits. For instance, in the posterior piriform cortex, OXT promotes formation of association learning of an initially neutral odor with a potential mating partner (Choe et al., 2015) . Otherand same-sex investigation and recognition may be regulated through different mechanisms. For instance, OXT-deficient male mice display normal initial other-sex exploration but impaired recognition that could be rescued by OXT infusion into the amygdala (Ferguson et al., 2001) . Interestingly, OXT treatment was only effective preceding the initial investigation. While local OXTR activation in the amygdala is critical to other-sex recognition, it was found to be less so to same-sex recognition . Along with OXT simultaneously modifying multiple levels of the olfactory system, future studies may address if OXT also modulates association fibers from the AON to other cortical areas in addition to the here described top-down projections. The present study focused on the transient OXT-activated top-down modification of early sensory processing. Region-specific deletion of OXTRs supports the requirement of the AON in OXT-mediated modulation of sensory information relevant to olfactory investigation of conspecifics and their future recognition.
Finally, more research is needed to address the potential clinical implications of our data. From olfaction in rodents to vision in humans, the role of OXT in social recognition is conserved across evolution within the dominant sensory modalities of species (Lee et al., 2009) . Like humans, monkeys use vision and auditory cues as primary modalities for social communication.
In monkeys, OXTR is enriched in the subcortical and early cortical visual areas and cholinergic nuclei controlling sensory processing in these modalities, suggesting the involvement of OXT in a variety of functions relevant to social cognition, including modulating visual attention, processing, and sensory stimuli (Freeman et al., 2014a (Freeman et al., , 2014b . In humans, the OXT system is thought to be affected in social disorders such as autism, and it has been shown that OXT can ameliorate some of the related deficits in social interaction (Meyer-Lindenberg and Tost, 2012) . Notably, aberrant sensory processing is a core aspect of autism spectrum disorders (American Psychiatric Association, 2013; Asperger, 1944; Crane et al., 2009; Domes et al., 2013; Markram and Markram, 2010; Skuse et al., 2014) and includes atypical neural responses at early stages of perceptual processing (Robertson et al., 2014) . Since species-specific variations of the identified OXT-dependent control mechanism may be effective in humans, this line of research may provide a plausible mechanism and entry point for both the pathophysiology and treatment of early social sensory processing deficits in humans.
EXPERIMENTAL PROCEDURES Animals and Husbandry
Wistar rats were obtained from Harlan-Winkelmann and group housed at a 12 hr day-and-night-cycle. OXTR fl/fl mice (RRID: IMSR_JAX:008471) (Lee et al., 2008) and Ai9:dTomato reporter (RRID: IMSR_JAX:007905) (Madisen et al., 2010) were maintained in a C57BL/6J (Charles-River) background. All procedures were approved by the local animal welfare committee and in accordance with NIH guidelines.
Behavioral Analyses Social Recognition in Rats
The social recognition task was performed in group-housed female adult 13-week-old Wistar rats, 4 weeks after they had been injected with rAAV 1/2 -OXT-ChR2:mCherry in the PVN. Control animals were injected with rAAV 1/2 -OXT-vGFP. Both groups were implanted with optic fibers into the PVN directly following virus injection. Social interaction partners were of the same sex and 4-5 weeks old. Adult rats were placed in an open field (50 cm 3 50 cm 3 45 cm) and exposed to an unknown social partner (A) for 5 min during the initial sample phase. During the sample phase, the adult rat received 5 ms long blue laser pulses for 20 s at 30 Hz every minute. After this 5 min session, the adult animal returned to its home cage for 2 hr. This interval was chosen so that control rats performed at chance level. In the recognition test phase, the adult rat was placed again in the open field for 3 min without laser stimulation. The familiar (A 0 ) and a novel social partner (B) were presented to the experimental animal.
The social investigation times and frequency, as well as the frequency of anogenital, nonanogenital, and following events during the initial sample phase, were quantified offline by a trained experimenter blinded to group assignment. Other social behaviors, such as grooming, crawl over, or social play, were not scored as social investigation. Social recognition was quantified as the percentage of social recognition memory, i. The social recognition task was performed in single-housed adult 12-week-old male OXTR DAON mice or control littermate mice. Animals were examined 5 weeks after rAAV 1/2 -CBA-Cre injection into the AON. The social recognition task was performed and analyzed as described for rats. The interval between sample and recognition phase was shortened as memories are retained for 30 min in single-housed mice (Kogan et al., 2000) .
Slice Electrophysiology
Whole-cell recordings were performed in acute slice preparation from at least 8-week-old rats.
In Vivo Electrophysiology
At least 8-week-old rats were anesthetized with urethane (1.5 g/kg intraperitoneally [i.p.]) and placed in a stereotactic apparatus. Body temperature was maintained with a heat pad (WPI). Craniotomy was performed over the MOB and AON. M/TC activity in the MOB was recorded with glass-coated tungsten microelectrodes (0.5 MU, Alpha-Omega). Cells were preferentially recorded from the ventral mitral cell layers for reasons of better long-term stability.
The same results were, however, obtained also from M/TC units in the dorsal MOB. For identification of M/TCs, the criteria used were recording depth, firing activity that synchronized to respiration frequency, and odor-evoked responses (Rinberg et al., 2006) . A glass micropipette filled with the selective OXTR agonist TGOT (1 mL, 0.5 or 1.6 mM), dissolved in ACSF, and connected to a nano-injector (MO-10, Narishige) was simultaneously inserted into the AON. The agonist was then applied after establishing a baseline of odorevoked responses. Coordinates for stimulation were as follows (in mm relative to Bregma): anterior 5.1, lateral 2.2, ventral 5.2, and lateral angle of 10 .
Breathing signals were either monitored with a pressure sensor (24PCEFJ6G, Honeywell) via a stainless steel cannula implanted through the bone into the nasal cavity, or by placing a reflectance sensor carrying an infrared LED and phototransistor pair (QTR-1A, Pololu) on the rat thorax. Electrophysiological and breathing data were acquired using a 32-channel data acquisition system (TBSI headstage connected to an A-M Systems Model 4000 amplifier with DataWave Sciworks package or an Intan Tech. RHD-2000 system) with a sampling frequency of 30,000 Hz. For spike detection, data were band-pass filtered between 300 and 5,000 Hz.
Odor Delivery
For odorant delivery, a custom-built air-dilution olfactometer was used (Shusterman et al., 2011) . Odorants (Sigma-Aldrich) were kept in liquid phase (diluted 1:10 or 1:100 in mineral oil) in dark vials and mixed into the nitrogen stream that was further diluted 1:10 into a constant air stream in the olfactometer. The following odorants were used: amyl acetate, hexanal, orange oil, benzaldehyde, cineol, anisaldehyde, eugenol, and citral. Odorants were delivered in a randomized order with a maximum of three consecutive presentations of the same odorant. Odorants were applied for 500 ms with an intertrial interval of 10 s.
Analysis
Analysis of recorded data was performed using custom-written scripts in Matlab (MathWorks). Only single units with a clear refractory period of the interspike interval were considered. The observed lag between two different respiration measurement methods was subtracted from the infrared signal to align odor responses to the first inhalation after odor onset ( Figure S6 ). M/TC units were initially analyzed by using the Z score of the firing rate (Wolff et al., 2014) . The Z score of the firing rate was computed by summing all bins of the peristimulus time histogram (PSTH) for all cells, subtracting the average baseline count, and then dividing the result by the SD of the baseline. Units were considered odor responsive if the response following odor presentation exceeded a Z score of 1.96. Baseline firing rates were determined over 5 s before each odor presentation. Peak odor responses correspond to the highest 100 ms firing rate bin of the PSTH of each cell within 1 s following odor onset. For each unit, three time windows were analyzed for each odor before, during, and following application of TGOT. To examine a change in the signalto-noise ratio in M/TC firing, we calculated a modulation index for each unit and each condition, defined as (firing rate response À firing rate baseline )/(firing rate response + firing rate baseline ). The modulation index ranges from À1 (high baseline activity, low evoked response) to +1 (low baseline, high evoked response). To compute the population PSTHs, the average odor response across all presented odorants was calculated for each unit. Putative GC units were analyzed by using the Z score of the firing rate. 
